The study was designed to investigate the possible mechanisms of hepatic microRNAs (miRs) in regulating local thyroid hormone (TH) action and ultimately different propensities to high-fat diet (HFD)-induced obesity. When obesity-prone (OP) and obesity-resistant (OR) mice were fed HFD for 7 weeks, OP mice showed apparent hepatic steatosis, with significantly higher body weight and lower hepatic TH receptor b (TRb) expression and type 1 deiodinase (DIO1) activity than OR mice. Next-generation sequencing technology revealed that 13 miRs in liver were dysregulated between the two phenotypes, of which 8 miRs were predicted to target on Dio1 or TRb. When mice were fed for 17 weeks, OR mice had mild hepatic steatosis and increased Dio1 and TRb expression than OP mice, with downregulation of T3 target genes (including Srebp1c, Acc1, Scd1 and Fasn) and upregulation of Cpt1α, Atp5c1, Cox7c and Cyp7a1. A stemloop qRT-PCR analysis confirmed that the levels of miR-383, miR-34a and miR-146b were inversely correlated with those of DIO1 or TRb. Down-regulated expression of miR-383 or miR-146b by miR-383 inhibitor (anti-miR-383) or miR-146b inhibitor (anti-miR-146b) in free fatty acid-treated primary mouse hepatocytes led to increased DIO1 and TRb expressions, respectively, and subsequently decreased cellular lipid accumulation, while miR-34a inhibitor (anti-miR-34a) transfection had on effects on TRb expression. Luciferase reporter assay illustrated that miR-146b could directly target TRb 3′untranslated region (3′UTR). These findings suggested that miR-383 and miR-146b might play critical roles in different propensities to diet-induced obesity via targeting on Dio1 and TRb, respectively.
Introduction
Obesity, resulting from imbalance between energy intake and expenditure, is a major metabolic and nutritional disorder worldwide, and represents one of the most prevalent risk factors for the occurrence of chronic metabolic diseases (Haslam & James 2005 , Puhl & Heuer 2009 , such as atherosclerosis, type 2 diabetes, hyperten sion and liver dysfunction (Dixon et al. 2001) . Highfat diet (HFD), especially the saturated fat and monounsaturated fat, could be responsible for the epidemic. In the past few decades, researchers have been intrigued by the fact that some people maintain a normal weight during their whole lifetime despite living in an obesogenic environment that promotes weight gain. Epidemiological investigation has confirmed that weight regulatory system is biased toward obesity, which means that not everyone gains weight when consuming the highfat rich diet (Schwartz et al. 2003) . Some individuals tend to increase body weight on a HFD (illustrated as obesityprone, OP), while others resist the development of obesity (obesityresistant, OR) (Cornier et al. 2009 ). Animal studies also verified that animals on the same genetic background had different susceptibilities to HFDinduced obesity (Harrold et al. 2000 , Huang et al. 2003 . Generally, OR animals either may eat less or elevate energy expenditure compared to OP animals (Jackman et al. 2010a) . On account of the multietiologic nature of obesity and the diverse metabolic perturbations in obese individuals, identifying the causative factors is very difficult.
Thyroid hormones (THs) play critical roles in the regulation of anabolic function, energy expenditure and lipid homeostasis in mammals via direct and indirect regulation in its target genes (Sinha et al. 2014) . The liver might serve as an alternative depot for lipid storage when adipose capacity is exceeded as in obesity (Agarwal & Garg 2006) , as well as an important target organ of T3 (3,5,3triiodilthyronine) (Pihlajamaki et al. 2009 ). It has been estimated that nearly 8% of the hepatic genes are regulated by TH in vivo (Oppenheimer et al. 1987) . These TH responsive genes can be both positively and negatively regulated by TH through thyroid hormone receptor b (TRb) in liver. It has been suggested that the topranking gene set related to obesity was a set of genes positively regulated by T3, such as Atp5c1 and Cox7c (Pihlajamaki et al. 2009 ). Although there is no consensus with regard to the serum profiles of TH in obesity, it is widely accepted that iodothyronine deiodinases in central and peripheral tissues determine tissuespecific TH levels and TH primarily exerts their actions through interaction with TRs, and finally affecting THdependent physiological activities. Our laboratory has found that different propensities to obesity might be related to HPT axis function and deiodinases activities (Xia et al. 2015) . Hence, the regulation of steps involved in type 1 iodothyronine deiodinase (DIO1) and TRb action in liver are expected to play major roles in adjusting metabolic rate and substrate partitioning under conditions of surplus energy supply. However, the mechanism is not well understood.
MicroRNAs (miRs) are small noncoding RNAs of 19-24 nucleotides that can cause degradation of the target mRNA or translation block to regulate crucial biological processes, such as metabolism, cell growth and apoptosis (Bartel 2004) . Emerging results revealed that various miRs were involved in the function of the TH (Nishi et al. 2011 , Boguslawska et al. 2014 and have come in the spotlight of research in obesity and metabolic syndrome (Chartoumpekis et al. 2012) . It has been proved that miR 21, miR146a, miR181a and miR221 could react with the TRb directly (Jazdzewski et al. 2011) . miR224 and miR 383 have also been demonstrated to target on Dio1 3′UTR . Considering the important roles of TH in regulating hepatic energy homeostasis, and the potential importance of miRs in regulating genes coding for proteins critical in these function, we sought to test the hypothesis that miRs might play a critical role in TH action by targeting Dio1 or TRb, and consequently induced different propensities to obesity.
Materials and methods

Animals
Male C57BL/6J mice (80, fourweekold) were purchased from Model Animal Research Center of Nanjing University (Nanjing, Jiangsu, China) and housed in plastic cages under a controlled environment (a 12/12h light/darkness cycle, 08:00-20:00 h, temperature: 23 ± 2°C, humidity: 60 ± 5%). After acclimatization for one week on standard laboratory chow, the mice were randomly divided into a control group (Con, n = 16; fed a standard diet with energy density 3.85 kcal/g, 10, 20 and 70% energy from fat, protein, and carbohydrate, respectively) and a HFD group (n = 64; fed a HFD with energy density 4.73 kcal/g, 45, 20 and 35% energy from fat, protein and carbohydrate, respectively). Diets were provided by Research Diets (New Brunswick, NJ, USA). All mice had free access to the test diets and purified water during the whole experiment. In the 7th week, HFD mice were classified by body weight into OP and OR mice, based on the method described previously (Enriori et al. 2007) . Mice, whose body weights were ranging between the average ± 3 s.d. of the body weight of Con group, were designated as OR mice (n = 16, 27.34 ± 0.42 g) and kept on HFD feeding. Whereas the mice that body weight was 1.3fold higher than that of the Con mice were selected, of which 16 mice were randomly chosen and defined as OP (n = 16, 34.98 ± 0.39 g). Interestingly, the frequency of OR and OP mice per cage was normally distributed. Furthermore, initial body weight of mice significantly 234:2 correlated to final weight and was the only factor that predicted OR vs OP, which was in accordance with previous research (Enriori et al. 2007 ). In the 7th week, half of mice were randomly selected from each group and sacrificed to assess the effects of shortterm HFD consumption on the differentiation between OP and OR phenotypes. The remaining mice were kept on feeding and sacrificed in the 17th week. Body weight and food intake were measured weekly. The study was carried out in accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the Institutional Animal Care and Use Committee of Jiangnan University (JN no. 16 2015) .
Indirect calorimetry analysis
One week before the end of their respective dietary manipulation, all mice were placed in the Comprehensive Laboratory Animal Monitoring System (C.L.A.M.S; Columbus Instruments, Columbus, OH, USA) to evaluate oxygen consumption (VO 2 ), carbon dioxide production (VCO 2 ), respiratory exchange ratio (RER), energy expenditure (EE = (3.815 + 1.232 × RER) × VO 2 ) and ambulatory activity. Animals were allowed to acclimatize in each individual metabolic cage for one day, and then the data of the second day were used for further analysis. Ambulatory activity was assessed in both horizontal and vertical directions using infrared beams to count the beam breaks during the study.
Tissue samples preparation and serum parameters measurement
At each period, the mice were fasted overnight and slightly anesthetized by intraperitoneal injection of pentobarbital (50 mg/kg). Blood was collected, and then liver and white adipose tissues (including perirenal, epididymal, and mesenteric fat) were thoroughly removed, weighed, frozen with nitrogen liquid and stored at −80°C. The experiments were proceeded between 08:00 and 10:00 to minimize possible circadian mRNA expression variation.
Serum total T4 (TT4) and total T3 (TT3) concentrations were measured by radioimmunoassay kits (Diagnostic Products, Los Angeles, CA, USA) with the modifications described elsewhere to optimize the assay for mouse serum (Weiss et al. 1998) . The detection limits were 1 μg/dL and 0.02 μg/dL for total T4 and total T3, respectively. Serum triglycerides (TG) and total cholesterol (TC) were also determined using commercial kits (Wako Pure Chemical Industries).
Next-generation sequencing and bioinformatics analysis
Total RNA was isolated from liver samples (n = 3) that were randomly selected from OP and OR mice using Trizol (Invitrogen). Then, each RNA sample was processed to generate a cDNA library that was used for small RNA sequencing. Briefly, a small RNA library was generated from the samples using Illumina Truseq Small RNA Preparation kit (Illumina, San Diego, CA, USA). The quality and size of the library were evaluated by Agilent 2100 Bioanalyzer. The purified cDNA library was used for cluster generation with Illumina TruSeq Rapid SR Cluster KitHS using Illumina HiSeq 2500. The small RNA sequencing data were first cleaned by executing small RNA sequencing data cleaning pipeline. Next, the clean sequence data were aligned to miRBase version 20 (v20) to detect and estimate the expression of microRNAs. Because variances did not vary systematically by group, the ttest (unpaired, twotailed with equal variance) was used to identify the altered expressions of miRNAs between groups, miRNAs satisfying P < 0.05 were recorded.
Analysis of miRs predicted targets was performed using the following three algorithms: TargetScan (Lewis et al. 2003) (http://www.targetscan.org/), PicTar (Krek et al. 2005) (http://pictar.mdcberlin.de/) and miRanda (John et al. 2004 ) (http://www.microrna.org/ microrna/getMirnaForm.do).
Primary hepatocyte isolation and transient transfection
Primary hepatocytes were isolated from male C57BL/6J mice and cultured as previously described (Sharma et al. 2011) . The miR34a, miR383 and miR146b mimics and inhibitors were synthesized by GenePharma Co. Ltd (Shanghai, China) with the following sequences: miR383 mimic (5′AGAUCAGAAGGUGACUGUGGCU3′), miR34a mimic (5′UGGCAGUGUCUUAGCUGGUUGU3′), miR 146b mimic (5′UGAGAACUGAAUUCCAUAGGCU3′), antimiR383 (5′AGCCACAGUCACCUUCUGAUCU3′, 2′Ome modification), antimiR34a
modification) and antimiR146b (5′AGCCUAUGGAAUUCAGUUCUCA3′, 2′Ome modification). Hepatocytes were transfected with 50 nM mimic or 100 nM inhibitor using XtremeGene siRNA transfection reagent (Roche Diagnostics). To induce lipid accumulation, primary mouse hepatocytes were incubated with or without 0.5 mM or 1 mM FFAs 234:2 (2:1 oleate/palmitate, Sigma), 6 h after miRs transfections. Hepatocytes were harvested at 24h post transfection for RNA extraction and 48h post transfection for protein extraction.
Quantitative RT-PCR analysis
Total RNA was isolated from liver and primary mouse hepatocytes using Trizol reagent (Invitrogen). Quantitative RTPCR was performed with an ABI PRISM 7500 Sequence Detection System (Applied Biosystems) using SYBR Green Realtime PCR Master Mix (Bioneer, Daegu, Korea). The relative amount of each transcript was normalized to cyclophilin A. microRNA PCRs were performed using a microRNAspecific qPCR kit (Qiagen) and U6 was used for normalization. The relative expression was calculated with the comparative ΔΔC T method, the data were expressed as 2 −ΔΔCT . The primers used in the current study were illustrated in Table 1 . All reactions were conducted in triplicate.
Western blot analysis
Western blot analysis was performed as previously described. Protein extracted from mouse liver and hepatocytes was separated with 12% SDSPAGE and transferred to PVDF (polyvinylidene fluoride) membranes (Millipore). After being blocked with 5% nonfat milk for 1 h, the membranes were incubated using the primary antibodies (antiDIO1, Proteintech, Wuhan, China; antiTRb, Santa Cruz Biotechnology; anti GAPDH, Abcam) at 4°C overnight. After washing with TBST, bolts were incubated with HRPlabeled secondary antibodies. Detection was accomplished using enhanced chemiluminescence reagents (Immobilon Western Detection Reagents, Millipore) and exposure to film.
DIO1 activity determination
DIO1 activity in liver and primary hepatocytes was measured based on previously published literature (Araujo et al. 2010) . A specific DIO1 inhibitor (PTU) and excess T4 were used to confirm that type 2 deiodinase could not be detectable. Briefly, 25 mg of liver samples (n = 8) was used for homogenization. Triplicates of homogenates (5 μg protein) were incubated with rT3 (1 μM) and [ 125 I] rT3 (PerkinElmer Life Sciences) that were previously purified using Sephadex LH20 (Sigma Chemical) and potassium phosphate buffer (containing DTT and EDTA). DIO1 activity was expressed as picomoles of rT3 deiodinated per minute per milligram of protein.
Histological analysis
After the liver was weighed, small part of the liver from the same position (n = 4) was embedded in OCT compound (Sakura Finetech, Tokyo, Japan) and then stained with Oil Red O (Baso, Taiwan, China) for lipid deposition. Histological evaluation of tissue morphology was conducted under an Olympus light microscope (Olympus).
Triglyceride determination
Hepatic and intracellular lipids were extracted with the mixed solvents of methanol: chloroform (vol/vol = 1:2) (Folch 1957 ) from livers and cell lysates. The resulting extract was resuspended in water for TG determination using commercial kit (Wako Pure Chemical Industries). 
Dio1
Forward GGT GCA ACA TTT GGG AGT TTA TG Reverse CAA TAA GCC TCT TGA ACT GGT CA TRb Forward AAA TCT CCA TCC ATC CTA TTC C Reverse CTT CCA AGT CAA CCT TTC CA Srebp1c
Forward ATC GGC GCG GAA GCT GTC GGG GTA GCG TC Reverse ACT GTC TTG GTT GTT GAT GAG CTG GAG CAT Acc1
Forward 
Luciferase reporter assay
To generate a 3′ untranslated region (3′UTR) luciferase reporter construct, the full length of the 3′UTR from TRb containing putative miR146bbinding sites was subcloned into a pmirGLO DualLuciferase miRNA Target Expression Vector (Promega Corporation) located 3′ to the firefly luciferase translational stop codon. Sitedirected mutagenesis in the seed regions of the putative miR 146bbinding sites in the TRb 3′UTR was generated using overlapextension PCR with mutagen primer pairs (TRb 3′UTRMUT1PF and TRb3′UTRMUT1PR, TRb3′UTR MUT2PF and TRb3′UTRMUT2PR) . For the luciferase reporter assay, HEK293T cells were placed in 24well plates and cotransfected with pmirGLO3′UTRWT1 (TRbWT1) or pmirGLO3′UTRMUT1 (TRbMUT1), and pmirGLO 3′UTRWT2 (TRbWT2) or pmirGLO3′UTRMUT2 (TRb MUT2), respectively, and miR146b mimic or negative control with Lipofectamine 2000 (Invitrogen). Assays were conducted 24 h after transfection with the Dual Luciferase Reporter Assay System (Promega). Transfections were performed three times in independent experiments.
Statistical analysis
Data were presented as mean ± s.e.m. Statistical analysis was performed using SPSS 20.0. Significant differences were determined either by twotailed Student t-test or oneway ANOVA followed by post hoc Duncan's test for group comparisons. P < 0.05 was considered statistically significant.
Results
High-fat diet-induced OP and OR phenotypes
When the experiment started, average body weight of mice that fed a standard diet or a HFD was not significantly different. Gradually, HFDfed mice gained body weight at a faster rate than Con group. However, part of mice from HFD group had similar and even lower body weight gain compared to the Con mice. In the 7th week, OP and OR mice were selected. Over a period of 17 weeks, the OP group became 67.24% heavier than the Con group. In the first 13 weeks, OR mice had similar body weight compared to Con group. In the subsequent 4 weeks, OR mice increased body weight at a higher rate and became 21.68% heavier than Con mice (Fig. 1A) . Finally, OP mice consumed significantly higher calorie than Con mice, which was also remarkably higher than those of OR mice.
No significance on energy intake was observed between OR and Con mice during the first 9 weeks, and in the subsequent 8 weeks, OR mice consumed significantly increased calorie compared to Con mice ( Fig. 1B and C) , indicating that increased body weight of OR mice might be partly attributed to increased energy intake.
Analysis of tissue indexes revealed that the difference on liver and visceral fat (perirenal, epididymal and mesenteric fat) pad mass indexes between OR and Con mice was not significant in the 7th week and reached statistical significance in the 17th week (Fig. 1D, E, F and G) . OP mice demonstrated significantly higher liver and visceral fat pad mass indexes, as well as increased TG levels than Con mice in both periods (Fig. 1H) . OR mice showed no significant difference on TG and TC levels relative to Con mice in the 7th week, but exhibited remarkably higher TC levels in the 17th week (Fig. 1I) .
Differences in RER, energy expenditure and ambulatory activities between OR and OP mice
Determination of RER over a 24h period displayed that OP mice showed remarkably lower RER values than Con group both in the 7th and 17th week ( Supplementary  Fig. 1A , B, C and D, see section on supplementary data given at the end of this article), indicating a shift in metabolism toward an increase in the utilization of lipids as substrate. Although OR mice had significantly lower energy expenditure than Con mice in the daytime in both periods, the significance disappeared in the nighttime ( Supplementary Fig. 1E , F, G and H). In the whole day of both periods, OR mice had significantly higher energy expenditure than OP mice, suggesting that lean phenotype of OR mice might be partially attributed to elevated energy expenditure.
In the 7th week, OR mice had more ambulatory activities than Con and OP mice both in the light and darkness cycles (P < 0.05), which might be one factor for differentiation of lean and obese phenotypes ( Supplementary Fig. 1J ). In the nighttime of the 17th week, OP mice were 214% and 34% more active than Con and OR mice, respectively. OR mice were 134% more active than Con mice (Supplementary Fig. 1L ).
Differences in serum thyroid hormones and hepatic DIO1 activity between OR and OP mice
As illustrated in Fig. 2 , although no significance on serum TT4 levels was observed among the three groups in the 234:2 7th week ( Fig. 2A) , OP mice showed remarkably lower T4 levels compared to Con mice in the 17th week, as well as significantly decreased T3 levels in both periods (Fig. 2B) . However, during the whole experiments, OR mice demonstrated similar TT4 and TT3 levels compared to Con and OP mice. Considering the importance of peripheral deiodinases activities in deciding circulating TH levels, hepatic DIO1 activity was further measured. The results showed that compared to Con and OR mice, OP mice showed significantly decreased DIO1 activity in liver in both periods, suggesting the possibility of a decreased cellular T3 level in liver. No significant difference was observed in DIO1 activity between OR mice and Con mice in the 7th week and reached statistical significance in the 17th week (P < 0.05).
Differential miRs expression in livers of OR mice vs OP mice and putative gene targets
To investigate the potential role of miRs in different propensities to HFDinduced obesity, nextgeneration sequencing was used in livers of OP and OR mice in epididymal fat pad mass index, (G) mesenteric fat pad mass index, (H) serum triglycerides and (I) serum total cholesterol in Con, OP and OR mice in the 7th week and 17th week. Samples for body weight were 16 in the first 7 weeks and 8 in the subsequent 10 weeks. Samples for food intake were 4. Samples for all other parameters were 8. Data were presented as mean ± s.e.m. Con, control; OP, obesity-prone; OR, obesity-resistant. *P < 0.05 vs Con; # P < 0.05 vs OP.
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the 7th week, respectively. As displayed in Table 2 , the expression levels of 13 miRNAs in livers of OR mice were significantly different from those of OP mice, including 8 downregulated miRNAs (miR144, miR200b, miR34a, miR1423p, miR383, miR146b, miR541 and miR592) and 5 upregulated miRNAs (miR223, miR1247, miR720, miR1395p and miR100).
The computerbased algorithms (PicTar, TargetScan and miRanda) were used to get a list of the miRNAs whose predicted target genes included Dio1 or TRb or both. As illustrated in Table 2 , Dio1 was one of the putative targets of miR383 predicted by TargetScan, PicTar and miRanda. Additionally, miR1247 and miR100 were also revealed to target on Dio1 only predicted by TargetScan. With the same algorithm, miR34a, miR146b, miR541 and miR592 were illustrated to target on TRb. Furthermore, miR1395p was also shown to possibly target on TRb by miRanda.
Differential expressions of DIO1 and its possible upstream miRs in livers between OR and OP mice
As shown in Fig. 3 , Dio1 mRNA and protein expression in livers of OP mice was significantly downregulated than that of Con mice in both periods. OR mice showed significantly increased Dio1 levels than the other two groups in the 7th week and significantly lower level than Con mice in the 17th week ( Fig. 3A and B) . Based on predicting results by TargetScan, PicTar and miRanda, in order to investigate the possible miRs that might be involved in deciding Dio1 expression, a stemloop qRT PCR assay was used to preliminarily reveal the putative miRs expression. Compared to Con mice, the relative expression of hepatic miR383 was significantly increased in OP mice in both periods. OR mice showed significantly lower miR383 relative expression than OP and Con mice in the 7th week and remarkably higher miR383 expression than Con mice in the end, which was lower than OP mice (Fig. 3C) . The levels of miR383 were inversely correlated with Dio1 mRNA and protein expression, suggesting the Differences of (A) serum T4, (B) serum T3 and (C) hepatic DIO1 activity among Con, OP and OR mice. Data were presented as mean ± s.e.m. (n = 8). Con, control; OP, obesity-prone; OR, obesity-resistant. *P < 0.05 vs Con; # P < 0.05 vs OP. possible role of miR383 in controlling DIO1 expression. Additionally, in the 7th week, OP mice demonstrated significantly lower expression of miR100 and miR1247 than Con mice, while OR mice showed remarkably higher miR100 expression than the other two groups and higher miR1247 expression than OP mice. In the 17th week, OP mice displayed significantly higher expression of miR100 and miR1247 than Con mice, OR mice showed remarkably lower expression of miR100 and miR1247 than OP mice ( Fig. 3D and E) .
Differential expressions of TRb and its possible upstream miRs in livers between OR and OP mice
In the 7th week, OP mice showed significantly increased TRb mRNA and protein expression compared to Con mice, while OR mice displayed remarkably higher TRb expression than the other two groups. In the 17th week, OP mice showed significantly lower TRb expression than Con mice, while OR mice demonstrated significantly lower TRb expression than Con mice, which was significantly higher than that of OP mice ( Fig. 4A and B) .
Results from qRTPCR showed that OR mice demonstrated a significant downregulation of miR34a and miR146b compared to Con and OP mice in the 7th week, but showed significantly higher miR34a and miR146b expression than Con mice in the 17th week, which was remarkably lower than that of OP mice ( Fig. 4C and D) . No significance on miR541 relative expression was observed in the 7th week, and OP mice displayed a significant upregulation of miR541 in relative to Con mice in the 17th week (Fig. 4E) . OR mice demonstrated a significant decrease in miR592 relative expression compared to Con mice in the 7th week (Fig. 4F) . No significance on miR 1395p expression was observed among the three groups both in the 7th week and 17th week (Fig. 4G) . (n = 8). Con, control; OP, obesity-prone; OR, obesity-resistant. *P < 0.05 vs Con; # P < 0.05 vs OP.
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Different hepatic steatosis possibly regulated by TH between OR and OP mice
In the 7th week, hepatic TG levels of OP mice were increased significantly compared to those of Con and OR mice (Fig. 5A) . When the mice were fed for a longer time, OP mice showed significantly higher hepatic TG levels than the other two groups, while OR mice also showed a remarkably increased TG levels compared to Con mice. Additionally, Oil Red O staining of liver sections of mice confirmed that there was a progressively severe steatosis seen in OP mice compared with Con mice (Fig. 5B) . Though, no significance was found in OR mice in the 7th week. Only in the 17th week, OR mice showed observable hepatic steatosis relative to Con mice.
Here, we further investigated part of TH responsive genes that involved in lipogenesis (Srebp1c, Acc1, Scd1 and Fasn), lipid mobilization and fatty acid oxidation genes (Cpt1α, Lpl and Fabp), energy metabolism (Atp5c1 and Cox7c) and cholesterol metabolism (Cyp7a1 and Ldlr) ( Fig. 5C and D) . In the 7th week, OP mice had significantly increased expressions of genes involved in lipogenesis (about 3.47 fold of Srebp1c, 1.79 fold of Acc1, 6.87 fold of 
234:2
Scd1 and 13.47 fold of Fasn), lipid mobilization and fatty acid oxidation (2.58 fold of Cpt1α, 3.89 fold of Lpl and 6.20 fold of Fabp) and cholesterol metabolism (1.98 fold of Ldlr), as well as decreased expressions of genes involved in energy metabolism (57% of Atp5c1 and 52% of Cox7c) when compared to control mice, while OR mice showed significantly higher expressions of some genes (2.38 fold of Scd1, 3.54 fold of Cpt1α, 2.29 fold of Lpl and 2.48 fold of Fabp, 4.35 fold of Cyp7a1) than Con mice (Fig. 5C ). In the 17th week, OP mice demonstrated significantly higher expression of genes involved in lipogenesis (about 4.69 fold of Srebp1c, 5.81 fold of Acc1, 12.21 fold of Scd1 and 17.38 fold of Fasn) and remarkably lower expression of genes involved in lipid mobilization and fatty acid oxidation (46% of Cpt1α, 68% of Lpl and 79% of Fabp), energy metabolism (38% of Atp5c1 and 31% of Cox7c), and cholesterol metabolism (40% of Cyp7a1 and 57% Ldlr) when compared to control mice, whereas OR mice showed increased expressions of Scd1, Fasn and Cyp7a1, as well as decreased expressions of Lpl, Atp5c1 and Cox7c compared to Con mice (Fig. 5D ).
MicroRNAs are robustly induced in free fatty acid treated mouse hepatocytes
Hepatocytes are the major cells that control lipid metabo lism and the primary location of lipid accumulation in NAFLD (Ng et al. 2014) . We used primary mouse hepatocytes and found that free fatty acids (0.5 mM and 1 mM) increased intracellular TG concentrations (Supplementary Fig. 2A ), upregulated the expression of miR383, miR34a and miR146b expression, and downregulated TRb and Dio1 relative expression ( Supplementary Fig. 2B ), as well as protein levels ( Supplementary Fig. 2C ). Additionally, lipogenensis genes (including Srebp1c, Acc1, Scd1, Fasn) were all upregulated, while Cpt1α, Lpl, Cyp7a1 and Ldlr expressions were downregulated in 1.0 mM FFAtreated hepatocytes ( Supplementary Fig. 2D ).
Figure 5
Differences of hepatic lipids, histology and T3 target genes expressions among Con, OP and OR mice. (A) Hepatic TG (n = 8), (B) Oil Red O staining of liver samples from Con, OP and OR mice that were fed for 7 and 17 weeks (n = 4). Scale bars indicated 100 μm. Alterations of T3 responsive genes expression of mice when they were fed for 7 weeks (C) and 17 weeks (D), respectively (n = 8). Data were presented as mean ± s.e.m. Con, control; OP, obesity-prone; OR, obesity-resistant. *P < 0.05 vs Con; # P < 0.05 vs OP.
234:2 microRNAs participate in the regulation of DIO1 and TRb expression
The introduction of miR383 mimic into hepatocytes decreased the amount of Dio1 mRNA (downregulation of 51.3%, P < 0.05) (Fig.  6A ) and protein (downregulation of 41.0%, P < 0.05) (Fig. 6B) , while antimiR383 increased Dio1 mRNA and protein levels. Next, we incubated hepatocytes with antimiR383 and further used FFA treatment to induce hepatocytes lipid accumulation. The results showed that antimiR383 upregulated Dio1 expression (Fig. 6C) , increased DIO1 level (Fig. 6D) and activity (Fig. 6E) , as well as upregulating of expression of TH responsive genes involved in lipid metabolism, including Srebp1c, Acc1, Scd1, Fasn, Cpt1α, Lpl, Fabp, Atp5c1, Cox7c, Cyp7a1 and Ldlr (Fig. 6F) , and ultimately decreased intracellular TG contents (Fig. 6G) .
We further explored the roles of miR34a and miR 146b targeting TRb in lipid accumulation of hepatocytes. Enforced expression of miR34a ( Supplementary Fig. 3A and B) and miR146b ( Fig. 7A and B) both resulted in an obvious reduction of TRb mRNA and protein levels. In contrast, knockdown of miR34a and miR146b resulted in an increase in TRb mRNA and protein levels. However, knockdown of miR34a failed to significantly increase TRb mRNA and protein levels ( Supplementary Fig. 3C and D) and decrease intracellular lipid content ( Supplementary  Fig. 3E ) upon FFA treatment. On the contrary, knockdown of miR146b attenuated the decrease in TRb mRNA and protein levels ( Fig. 7C and D) and reduced the TG content (Fig. 7E) upon FFA treatment. Expressions of lipid metabolism genes were also altered accordingly, including upregulation of Srebp1c, Acc1, Scd1, Fasn, Cpt1α, Lpl, Fabp, Atp5c1, Cox7c, Cyp7a1 and Ldlr (Fig. 7F) . Thus, it seemed Figure 6 miR-383 regulated DIO1 expression and lipid metabolism in primary hepatocytes. (A) miR-383 and Dio1 mRNA levels, and (B) DIO1 protein levels were detected in primary hepatocytes transfected with miR-383 mimic or mimic negative control (mimic-NC) and the miR-383 inhibitor (anti-miR-383) or inhibitor negative control (inhibitor-NC). (C) miR-383 and Dio1 mRNA levels, (D) DIO1 protein levels, (E) DIO1 activity, (F) lipid metabolism-related TH responsive genes expression, and (G) intracellular TG contents in free fatty acid-treated primary hepatocytes transfected with anti-miR-383. mRNA levels were detected in primary hepatocytes 24 h after transfection, while protein levels were detected by Western blotting 48 h after transfection. Mean ± s.e.m. shown were representative of at least three independent in vitro experiments. *P < 0.05 vs mimic-NC; # P < 0.05 vs inhibitor-NC.
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that miR146b could specifically regulate TRb expression and T3TRdependent genes expressions, and thereof regulate hepatic lipid metabolism.
The 3′UTR of TRb is a direct target for miR-146b
To understand whether miR146b directly target TRb 3′UTR, TargetScan7.1 online prediction was used. The prediction showed that 2 putative miR146bbinding sites (3111-3117 bp and 4050-4056 bp) were present in the TRb 3′UTR (Fig. 8A) . To confirm the relationship between miR 146b and TRb, two mutated TRb 3′UTR dualluciferase reporter vectors were constructed (pmirGLOTRb3′UTR MUT1 contained 7base substitutions within the first putative miRTRb seedmatched sequence in 3111-3117 bp, and pmirGLOTRb3′UTRMUT2 contained 7base substitutions within the second putative miR146b seedmatched sequence in 4050-4056 bp) and transfected into HEK293 cells. miR146b mimics had no effects on the activity of pmirGLOTRb3′UTRWT1 and pmirGLO TRb3′UTRMUT1 (Fig. 8B) , but significantly inhibited the activity of pmirGLOTRb3′UTRWT2, and had no apparent inhibitory effect on pmirGLOTRb3′UTRMUT2 (Fig. 8C) . These results demonstrated that the second binding site of miR146b (4050-4056 bp) in the TRb 3′UTR existed.
Discussion
The main findings of the present study were that different propensities to highfat dietinduced obesity might be related to hepatic TH action, which might be regulated Figure 7 miR-146b regulated TRb expression and lipid metabolism in primary hepatocytes. (A) miR-146b and TRb mRNA levels, (B) TRb protein levels were detected in primary hepatocytes transfected with miR-146b mimic or mimic negative control (mimic-NC) and the miR-146b inhibitor (anti-miR-146b) or inhibitor negative control (inhibitor-NC). (C) miR-146b and TRb mRNA levels, (D) TRb protein levels, (E) intracellular TG contents and (F) lipid metabolismrelated TH responsive genes expression in free fatty acid-treated primary hepatocytes transfected with anti-miR-146b. mRNA levels were detected in primary hepatocytes 24 h after transfection, while protein levels were detected by Western blotting 48 h after transfection. Mean ± s.e.m. shown were representative of at least three independent in vitro experiments. *P < 0.05 vs mimic-NC; # P < 0.05 vs inhibitor-NC.
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by miR383 and miR146b via directly targeting Dio1 and TRb, respectively. The results of this study provided insight into the roles of miRs in mediating the actions of TH on liver function. Additionally, the ability of OR mice to resist obesity was impaired, possibly due to the impairment of hepatic DIO1 and TRb action caused by upregulation of miR383 and miR146b, and subsequent alteration of TH target gene expressions.
Obesity is a major health concern worldwide which is related to elevated risk of chronic diseases, including metabolic syndrome, cardiovascular disease and cancer (Wright & Aronne 2012) . Previous research studies found that despite living in an obesogenic environment, some individuals maintain a thin phenotype compared to the majority who are at risk for weight gain and obesity.
However, the involved possible mechanism is largely unknown. Most genetic studies in the field of human obesity have been focused on genes and polymorphisms associated with an obese phenotype (Soulage et al. 2008) . Considerably, less attention has been paid to the understanding of the reason why certain people remain thin, and do not develop obesity even in excess nutritional environment. It is still not clear whether the OR phenotype individuals can resist HFDinduced obesity forever. In our previous study, mice were fed 7 and 27 weeks to explore short and longterm HFD consumption on the different susceptibilities to obesity, and the results showed that the ability of OR mice to resist obesity was impaired in the 27th week (Xia et al. 2015) . We speculated that this impairment might happen earlier and in the present study, we ended the experiment in the 17th week. Normally, the increase in adiposity is the outcome of a positive energy balance as a result of less energy expenditure as compared with energy intake (Huang et al. 2004) . In the present study, compared with the OP phenotype, OR mice showed higher energy expenditure both in the 7th week and 17th week, and also had significantly lower calorie intake, which might contribute to the obesityresistant phenotype. Additionally, OR mice were more active than Con mice during the nighttime of the 17th week possibly because of the imbalance between calorie intake and energy expenditure. However, OP mice was less active than OR mice in the 7th week but more active than OR mice in the 17th week. We speculated that the difference on energy expenditure between the two phenotypes in the 7th week was relatively small, which became larger in the 17th week, so OP mice tried to consume more calories by means of elevating ambulatory activities. It is well known that locomotion is typically regulated by the dopamine system, particularly the nucleus accumbens (Ikemoto & Panksepp 1999 ). In the current study, it is hard to elucidate the reason for these changes, and thorough research studies should be conducted in the future.
THs play a central role in lipid and glucose metabolism and possibly regulation of body weight through direct and indirect regulation of expression in target genes (Boelaert & Franklyn 2005) . The liver plays a critical role in energy metabolism and lipid regulation and is a major target organ of TH. Previous studies have demonstrated that TH regulated the expressions of genes involved in these physiological processes (Pihlajamäki et al. 2009 ). Although no consensus has been found as to the circulating TH levels in obesity, it is clear that TH perform its function through deiodination pathways (DIO1 in liver) that are
Figure 8
TRb is a target gene of miR-146b. (A) Two binding sites for miR-146b in the TRb 3′UTR were predicted using TargetScan 7.1. (B) Relative luciferase activity of HEK293T cells after co-transfection with pmirGLO-TRb-WT1 or pmirGLO-TRb-MUT1 and miR-146b mimic or the negative control (C) or after co-transfection with pmirGLO-TRb-WT2 or pmirGLO-TRb-MUT2 and miR-146b mimic or the negative control. **P < 0.01.
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inside the target cells and could not be deduced in the view of plasma concentrations (Bianco 2011) . Besides, TH primarily exerts their actions through interaction with TR, which initiates or blocks target gene expression by binding to TH response elements (TREs) in the gene promoter regions. Therefore, hepatic DIO1 and TRb might be involved in different propensities to obesity, and the factors that affecting these steps need to be clarified.
MicroRNAs are emerging as critical, although poorly characterized, generegulatory elements that have been implicated in disease processes including obesity. The function of miRs is highly dependent on their target genes via suppressing translation and enhancing degradation of target gene transcripts by binding to comprehensive regions within the target transcripts (Hobert 2004 ). However, very little is known about the role of miRs in mediating the action of TH. Although previous research has explored the role of miRs in governing TH response (Dong et al. 2010) , so far no research has focused on miRs when exploring the different propensities to obesity. We speculated that miRs might also play important roles in TH action through regulating expressions of some genes, such as Dio1 and TRb and thereafter to influence hepatic DIO1 and TRb levels and ultimately decide the different propensities to obesity. Results from nextgeneration sequencing and bioinformatics algorithms indicated that expressions of miR34a, miR383, miR100, miR 1247, miR146b, miR541 and miR592 were significantly different between OP and OR mice and might target on Dio1 or TRb. Among these miRs, miR383, miR34a and miR146b were inversely correlated with DIO1 or TRb. miR383 has been confirmed to bind to DIO1 3′UTR in HeLa cell line , indicating that miR383 could directly regulating DIO1 expression. Hepatic miR34a levels were shown to be highly increased in both dietary and ob/ob mice (Lee & Kemper 2010) , and miR34a was the most highly elevated miR in dietary and ob/ob mice (Trajkovski et al. 2011) . Another research also indicated that the mRNA level of the TRb was regulated by some miRs, including miR146 (Jazdzewski et al. 2011) , but the experimental results from them provided no direct evidence that whether miR34a or miR146b directly target TRb. In the present study, overexpression by miRs mimics successfully upregulated miRs expression, which led to downregulation of Dio1 or TRb mRNA and protein levels, while inhibitors had the opposite effects. However, antimiR34a transfection to hepatocytes upon FFA treatment failed to upregulate TRb mRNA and protein levels, and TH responsive genes expressions, indicating that there might be much more important regulators that control TRb expression in FFAtreated cell model, such as miR146b. However, antimiR383 increased Dio1 expression, while antimiR146b elevated TRb expression, as well as THresponsive genes expressions in FFAtreated hepatocytes. Luciferase reporter assay also confirmed that miR146b could directly target on TRb. All these findings suggested that miR383 and miR146b played important roles in hepatic lipid metabolism through acting on Dio1 and TRb.
It has been proved that OP rats had a greater tendency to store dietary fat, whereas the OR rats exhibited greater dietary fat oxidation (Jackman et al. 2010b ). In the 7th week, hepatic TH target genes that involved in lipogenesis (Srebp1c, Acc1, Scd1 and Fasn), lipid mobilization and fatty acid oxidation (Cpt1α, Lpl and Fabp), and cholesterol metabolism (Ldlr) were upregulated in OP mice. Atp5c1 and Cox7c, two genes from the energy metabolism subset of the TH responsive gene set correlated with liver lipid content, were downregulated in OP mice. OR mice showed significantly upregulated Scd1, Cpt1α, Lpl, Fabp, Cyp7a1 expression, indicating the possibility that OR mice had higher degree of fatty acid oxidation than lipogenesis and a better control of cholesterol homeostasis. These results showed that the ability of OP mice to be responsive to THs might be impaired after shortterm HFD feeding, while OR mice might be still sensitive to THs and could maintain energy homeostasis and thereof keep a thin phenotype. However, when the experiment lasted for a longer time, the two phenotypes both failed to keep energy balance, indicating that both OR and OP mice could not be effective to respond to THs and the ability of OR mice to resist obesity was impaired. We believed that in addition to THs, there might be other factors (such as insulin, leptin, etc.) that might interact with THs to influence lipid metabolism, which needs intensive study.
In conclusion, different propensities to obesity might be related to hepaticaltered deiodination and TRb action, which possibly be directly regulated by miR383 and miR146b, respectively. In the early phase of HFD consumption, OP mice had elevated miR383 expression, as well as decreased miR146b expression, which might lead to decrease of Dio1 and increase of TRb expression, in attempt to normalize the TH target genes expression, while OR mice resisted obesity possibly through suppressing these corresponding miRs expression to enhance hepatic deiodination and TRb expression. When the mice were fed for a longer time, both OP and
